established risk factors for pancreatic cancer, including tobacco smoking, chronic pancreatitis, obesity and type 2 diabetes, collectively account for less than half of all pancreatic cancer cases. inflammation plays a key role in pancreatic carcinogenesis, but it is unclear what causes local inflammation, other than pancreatitis. epidemiological data suggest that Helicobacter pylori may be a risk factor for pancreatic cancer, and more recently, data suggest that periodontal disease, and Porphyromonas gingivalis, a pathogen for periodontal disease, may also play a role in pancreatic carcinogenesis. individuals with periodontal disease have elevated markers of systemic inflammation, and oral bacteria can disseminate into the blood, stomach, heart and even reach the brain. These infections may contribute to the progression of pancreatic cancer by acting jointly with other pancreatic cancer risk factors that impact the inflammation and immune response, such as smoking and obesity, and the ABO genetic variant, recently linked to pancreatic cancer through genome-wide association studies. The complex interplay between bacteria, host immune response and environmental factors has been examined closely in relation to gastric cancer, but new research suggests bacteria may be playing a role in other gastrointestinal cancers. This review will summarize the literature on epidemiological studies examining infections that have been linked to pancreatic cancer and propose mechanistic pathways that may tie infections to pancreatic cancer.
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introduction
In 2013, it was estimated that 45 220 Americans will be diagnosed with pancreatic cancer and that 38 460 Americans will die from this cancer, making it the most common fatal cancer after lung, colorectal and breast cancer (1) . Pancreatic cancer is a rapidly fatal and devastating disease; only 26% of patients survive 1-year postdiagnosis and 6% survive 5 years (1). Symptoms for pancreatic cancer, such as weight loss or abdominal pain, are non-specific, and consequently more than half of patients are diagnosed at a distant stage of disease, where 5-year survival is 2% (1) . Given that many patients are diagnosed late in the development of the disease, surgery is often not an option; treatment with radiation therapy or chemotherapy is mostly used for palliative care. Early detection of pancreatic cancer would provide the best opportunity to increase survival rates, but to date there are no biomarkers or screening tools available to be used on a population level. Understanding the etiology of pancreatic cancer is necessary to identify high-risk groups and to improve our ability to identify biomarkers of early detection.
A growing number of studies suggest that there may be an underlying infectious component to pancreatic cancer etiology. However, unlike other cancers that have a known infectious cause, it is possible that infections that have been linked to pancreatic cancer impact tumor progression, and the tumor microenvironment, as opposed to having a direct impact on tumor initiation. In this review, I summarize the epidemiologic data that implicate various bacterial pathogens, and medical conditions linked to infections, to pancreatic carcinogenesis. In addition, I propose a mechanistic framework for their involvement in this cancer and interaction with other known risk factors (Figure 1 ).
Descriptive epidemiology and geographic trends
Examining patterns in incidence rates over time and across geographical regions can provide insights on potential causal risk factors that can subsequently be tested using more vigorous study designs. When it comes to infectious agents, geographical patterns in pathogen prevalence and cancer incidence rates have helped identify many associations that were later shown to be causal, such as hepatitis B and C viruses and liver cancer, schistosomiasis and bladder cancer, and Epstein-Barr virus and nasopharyngeal cancer. Changes in the prevalence of human papilloma virus have also been closely linked to changes in rates of cervical cancer. Geographic or time trends in pancreatic cancer rates have not yielded many clues into causal risk factors for this cancer. In the USA, male and female incidence rates for pancreatic cancer have been relatively stable for the past four decades (1) . International variations are particularly difficult to interpret for pancreatic cancer given the large differences in diagnostic and detection capacities and also due to varying degrees of diagnosis confirmation across countries. Within the USA, regions with higher rates tend to align with higher smoking prevalence rates, especially for men. Nevertheless, lack of time trends and geographic patterns does not exclude the possibility that bacteria play a role in the etiology of pancreatic cancer.
established environmental risk factors
Risk factors of pancreatic cancer account for <40% of all tumors (2); thus, efforts to improve our understanding of the environmental causes of this cancer are critical to making progress in prevention and early detection. Tobacco smoke is an established risk factor for pancreatic cancer; current smokers (and recent quitters-within past 5 years) have ~80% higher risk of pancreatic cancer than nonsmokers (3). Obesity is now a well-accepted risk factor of pancreatic cancer given the overwhelming number of cohort studies that have consistently reported higher risk with elevated weight; in a pooled study of 14 prospective cohort studies, a 47% higher risk of pancreatic cancer was observed among obese individuals (body mass index > 30 kg/m 2 ) compared with those with a healthy body mass index (21-22.9 kg/m 2 ) (4). Similarly, a meta-analysis of 23 prospective cohort studies reported a 10% with each 5 unit increment in body mass index (5) . Type 2 diabetes is a widely accepted risk factor for pancreatic cancer despite the long-standing concern that it is not causal (as diabetes type 2 can manifest as a consequence of the cancer). Pooled studies examining latency period have shown that a 50% increase in risk is observed among individuals who were diagnosed with type 2 diabetes 10 or more years prior to cancer diagnosis compared with those with no history of diabetes (6) . Moreover, additional evidence for the role of diabetes comes from studies examining the relation between prediagnostic glucose levels and pancreatic cancer; elevated postload or fasting glucose levels have been consistently associated with a higher risk of pancreatic cancer in four cohort studies with 10-25 years of follow-up (7, 8) . In one study, the association between glucose levels (across non-diabetic ranges) and pancreatic cancer was stronger among cases whose blood had been collected 10 or more years prior to cancer diagnosis (8) . Finally, chronic pancreatitis is an established risk factor for pancreatic cancer and is discussed in the next section; however, as it is a rare condition, it accounts for few cases of pancreatic cancer (<1.5%) (9).
Abbreviations: CI, confidence interval; LPS, lipopolysaccharide; miRNA, micro-RNA; OR, odds ratio; RR, relative risk; TLR, Toll-like receptor.
impact of known pancreatic cancer risk factors on immune response
The impact of smoking on the immune response is well established and includes altered innate immune response and suppressed humoral response (10, 11) , including decreasing immunoglobin G levels against oral bacteria (12) . Excess adiposity has also been shown to alter immune response and decrease host defense to infection (13); mechanisms for increased risk of infections among obese individuals are still being elucidated. Finally, diabetes has been linked to altered immune response (14) and may act through Toll-like receptors (TLRs) directly to activate inflammatory pathways (15) .
Role of inflammation
Inflammation plays a key role in pancreatic cancer (16); smoking and obesity, both established risk factors of pancreatic cancer, may increase risk by causing systemic inflammation. The best-established connection between local inflammation and pancreatic cancer comes from studies on pancreatitis (inflammation of the pancreas). Very high rates of pancreatic cancer have been observed in patients with chronic pancreatitis (17) (18) (19) . Incidence rates of pancreatic cancer in patients with chronic pancreatitis were 160% higher than those observed in healthy populations; the risk remains high even after removing patients who developed cancer within the first 5 years after chronic pancreatitis diagnosis [standardized incidence ratio (SIR) = 14, 95% confidence interval (95% CI) = 8-23] (17). In case-control studies, however, where adjustment of other risk factors of pancreatic cancer is made, relative risks for pancreatitis are lower (after removing the first 2 years between pancreatitis diagnosis and cancer diagnosis-to avoid reverse causation and misdiagnosis). A pooled analysis of 10 studies with >5000 pancreatic cancer cases reported a <3-fold increase in risk [odds ratio (OR) = 2.71, 95% CI = 1.96-3.74], although the association was closer to 4-fold higher among those <65 years old (9) . The most common cause of chronic pancreatitis is alcoholism, but other causes include biliary tract disease, hereditary and tropical pancreatitis. Associations observed with hereditary pancreatitis are even higher than those observed for chronic pancreatitis (20) and could be due to the fact that hereditary pancreatitis develops at a very early age (usually <21 years). Pancreatic cancer has also been associated with tropical pancreatitis, a condition that is also diagnosed at early ages (SIR = 100, 95% CI = 37-218, compared with the general population) (21).
Helicobacter pylori infection and peptic ulcers
Several epidemiologic studies reported positive associations between Helicobacter pylori and pancreatic cancer, raising the possibility that bacteria may play a role in the etiology of this cancer. The first report of an association between H.pylori and pancreatic cancer risk came from a case-control study with an extremely small control group (n = 27); a 2-fold increase in risk was observed (OR = 2.1, 95% CI = 1.09-4.05) (22) . In the Alpha-Tocopherol, Beta-Carotene Cancer Prevention Study, a prospective cohort study of male smokers, men positive for H.pylori antibodies or CagA-positive strains had elevated risk of pancreatic cancer compared with men who were seronegative for those antibodies (OR = 1.87, 95% CI = 1.05-3.34; OR = 2.01, 95% CI = 1.09-3.70, respectively) (23). Since the first two studies, three additional observational studies published results on H.pylori and pancreatic cancer risk (24) (25) (26) ; none of these were significantly associated with risk, although positive associations were observed in two studies (25, 26) . A recent meta-analysis on this topic reported an overall 38% increase in risk of pancreatic cancer for H.pylori seropositivity (OR = 1.38, 95% CI = 1.08-1.75) (27) .
A number of epidemiological studies have examined the relationship between peptic ulcers and risk of pancreatic cancer.
Results from cohort studies with large number of pancreatic cancer cases and detailed information on type of peptic ulcers (i.e. gastric versus duodenal) observed positive associations with gastric ulcers, but not duodenal ulcers (28, 29) . Although H.pylori infections are associated with both types of peptic ulcers, gastric ulcers are associated with low acid production, whereas duodenal ulcers are associated with hyperacidity; consequently, nitrosamine levels are higher in individuals with gastric ulcers and may explain the association with pancreatic cancer risk. Low acidity, however, also allows for the colonization of other bacteria, which may provide an opportunity for oral bacteria to move into the stomach and the gut.
Periodontal disease
Periodontal disease is an inflammatory disease of the gums (gingivalis), which can advance and lead to gum recession, soft tissue damage, bone loss and tooth loss (severe periodontitis). As with many chronic diseases, periodontal disease has multiple risk factors, including smoking and diabetes, and several bacteria have been linked to the severity and progression of periodontitis (30) . Of the bacteria believed to be pathogenic in periodontal disease, Porphyromonas gingivalis has been extensively studied due to its unique ability to evade the immune response (31) .
Positive associations between tooth loss or periodontitis and pancreatic cancer risk have been reported in four separate cohort studies (32) (33) (34) (35) . In the Alpha-Tocopherol, Beta-Carotene Cancer Prevention Study cohort, a 63% elevation in pancreatic cancer risk was reported for individuals who were edentulous at baseline compared with those with 0-10 teeth missing, after adjusting for smoking and other risk factors (32) , but no data were collected on periodontal disease in that study. In a second cohort study, the National Health and Nutrition Examination Survey (NHANES) I Epidemologic Follow-up Study, individuals with periodontitis at baseline had a higher risk of fatal pancreatic cancer [relative risk (RR) = 1.77, 95% CI = 0.85-1.85] compared with those with healthy peri odontium and edentulous individuals had a 90% elevation in fatal pancreatic cancer (RR = 1.90, 95% CI = 0.95-3.81), after controlling for age and gender (33) . However, this study did not provide relative risks adjusted for smoking in the analysis of pancreatic cancer (as the analysis was an exploratory study on periodontal disease and cancer) (33) . In a recent analysis of the NHANES III data, a 4-fold increase in risk of pancreatic cancer was observed among those with severe periodontitis, although this was not statistically significant, likely due to small sample size (RR = 4.56, 95% CI = 0.93-22.29) (35) .
A strong positive association between periodontal disease and pancreatic cancer was reported in a prospective cohort study of male health professionals (Health Professionals Follow-up Study) (34) . In the Health Professionals Follow-up Study, participants self-reported tooth loss and periodontal disease at baseline and were subsequently followed for 16 years. During that period, 216 cases of pancreatic cancer were newly diagnosed. After adjusting for age, smoking, diabetes, body mass index and a number of other dietary factors, men with periodontal disease had a 64% higher risk of pancreatic cancer compared with those reporting no periodontal disease. Among never smokers, a 2-fold increase in pancreatic cancer risk was observed (RR = 2.09, 95% CI = 1.18-3.71), ruling out the possibility that the overall association was confounded by smoking. Furthermore, the association was stronger among dentists (RR = 1.91, 95% CI = 1.31-2.78), who more accurately report history of periodontal disease (36) .
Porphyromonas gingivalis infection
The association between antibodies to periodontal pathogens and risk of pancreatic cancer was examined in the large European Prospective Investigation into Cancer cohort (37) . In this prospective cohort, blood samples were stored on >385 000 men and women at baseline (i.e. prior to disease). Using a nested case-control study design of 405 pancreatic cancer cases and 410 controls, a >2-fold increase in risk of pancreatic cancer was observed among those with high levels of antibodies to a pathogenic strain of P.gingivalis (OR = 2.38, 95% CI = 1.16-4.90, comparing >200 ng/ml versus ≤200 ng/ml) (37), after adjusting for known risk factors.
In the NHANES cohort study, elevated antibodies to P.gingivalis [≥69.1 enzyme-linked immunosorbent assay unit (EU), compared with <69.1 EU] were associated with a 3-fold increase risk of orodigestive cancer mortality (RR = 3.03, 95% CI = 0.99-9.31). Interestingly, removing subjects with clinically apparent periodontal disease only decreased the association slightly (RR = 2.25, 95% CI = 1.23-4.14). A separate examination of P.gingivalis with pancreatic cancer mortality could not be conducted in that study due to insufficient case numbers (35) .
Proposed biological mechanisms
Recent mice studies on bacteria and gastrointestinal cancers show that bacteria do not need to be present in the tissue where the tumor develops, nor do they need to cause inflammation in the tumor tissue, in order to promote carcinogenesis (38) , providing a new perspective on the role of bacteria in cancer (39) .
Previous studies have discussed the role of nitrosamines, which are known carcinogenic compounds, as a potential mechanism for the association between H.pylori infection and pancreatic carcinogenesis (40) . Moreover, Risch (41) recently postulated that the increase in pancreatic risk observed with H.pylori seropositivity is due to the complex interaction between H.pylori colonization, ABO blood group type and exposure to N-nitrosamine from diet and smoking. Because these carcinogenic compounds are elevated in oral cavities of patients with gum disease (42, 43) , these mechanisms may also apply to the associations observed with periodontal disease; the level of nitrate reduction in the mouth is the major factor explaining interindividual differences in endogenous nitrosamine formation (43) and is therefore critical to overall exposure to nitrosamines, especially among non-smokers.
Alternatively, systemic changes in inflammatory biomarkers as a result of periodontal disease may play a role in pancreatic cancer. Associations between inflammatory biomarkers and periodontal disease have been noted in a number of studies. In a cross-sectional analysis of 468 men free of cancer, diabetes or cardiovascular disease, significantly higher levels of C-reactive protein, low-density lipids and tissue plasminogen activator were observed in participants with periodontitis compared with those with healthy gums (44) . In a similar cross-sectional analysis of women, C-reactive protein, lowdensity lipids, intracellular adhesion molecule 1 and E-selectin were higher among 98 participants with periodontal disease (one or more sites with ≥5 mm bone loss) compared with 175 periodontally healthy subjects after adjustment for major confounders (45) .
It is plausible that the systemic inflammation and impact on the immune response do not require local inflammation for activation of carcinogenesis given the findings for Helicobacter hepaticus and liver cancer (38) . In this scenario, bacteria would not be directly causal, but the inflammatory response from the presence and progression of periodontal disease would interact with preexisting conditions in the pancreas.
Activation of inflammatory pathways by local bacterial infection
Bacterial dissemination of oral bacteria to other body habitats has been documented for multiple organisms. In both humans and animal models, oral bacteria can disseminate from the gingival tissue into the circulation (blood or lymphatics) (46) . Moreover, P.gingivalis, Aggregatibacter actinomycetemcomitans, Tannerella forsythia and Treponema denticola have been detected in atheromatous plaques of patients with atherosclerosis (47) (48) (49) . Porphyromonas gingivalis can survive in blood and host tissue and has been found in heart, liver, kidney and spleen (46) . It has been hypothesized that P.gingivalis, and other oral bacteria, may have a significant role in these diseases by causing inflammation and promoting tissue degenerative processes. Infection with P.gingivalis in mice models of athlerosclerosis (ApoE−/−) indicates that these bacteria can induce chronic inflammation and activate the innate immune response via the TLR2 and TLR4 (46) . TLRs are a group of pathogen-associated molecular pattern receptors that play an important role in innate immune signaling in response to microbial infection. Porphyromonas gingivalis lipopolysaccharide (LPS) can specifically activate host response through both TLR2 and TLR4. In addition, TLRs have been shown to inhibit apoptosis and promote tumor growth and angiogenesis (50) , and TLR signaling plays an important role in pancreatic tumors, thereby providing a potential mechanistic link between direct microbial stimulation and pancreatic carcinogenesis.
The TLR4/MyD88 signaling pathway has been implicated in pancreatic carcinogenesis. TLR4 is overexpressed in human pancreatic adenocarcinoma (51) . In vitro, LPS was shown to increase the invasive ability of the pancreatic cancer cells through the TLR4 pathway, whereas blockade of TLR4 or MyD88 decreased the LPS-dependent increase in invasion (52) . In mice models, LPS was been shown to accelerate pancreatic carcinogenesis through TLR4 activation, whereas TLR4 inhibition, through the MyD88-independent pathway, resulted in protection against tumor growth (53) .
Other TLR may also be important in pancreatic cancer. TLR7 is expressed in human pancreatic cancer tissue but not human normal pancreatic tissue and is expressed within the tumor microenvironment (54) , which supports tumor growth and promotes metastasis (55) . Overexpression of TLR7 was observed in transgenic mice models and TLR7 ligation in these mice resulted in vigorous tumor growth 3 weeks postligation by inducing stromal expansion (54) . Furthermore, TLR7 ligation resulted in a series of changes in oncogene expression in line with expected changes in pancreatic carcinogenesis, such as loss of PTEN expression and activation of PI3K/AKT pathway, and inhibition of TLR7 prevented malignant progression or stromal expansion.
Currently, it is not known whether bacterial infections in the pancreas, or in other parts of the body, have an impact on pancreatic stellate cells. However, given the important role of activated pancreatic stellate cells on the formation of a hypotoxic microenvironment and subsequent tumor development (56) , it will be important to examine whether bacterial infections play a role in activation of pancreatic stellate cells.
Activation of tumor signaling pathways through infections in other organs
Increasing evidence suggest that micro-RNA (miRNA) plays an important role in carcinogenesis (57) . miRNAs are single-stranded, non-coding short oligonucleotide sequences of ~23 bases that regulate gene expression at the posttranscriptional level (58) . In mammals, miRNAs regulate genes by binding to messenger RNA targets in 3′ untranslated regions in conjunction with the RNA-induced silencing complex and either cleave the target messenger RNA or simply bind and inhibit translation (59) . miRNAs are important modulators of the innate immune response (60) .
Certain miRNAs are induced during the macrophage inflammatory response and have the ability to regulate host cell responses to pathogens. In addition, pathogens themselves may regulate miRNA expression; for example, P.gingivalis can induce the expression of several miRNA in gingival epithelial cells. miRNA impact networks that control innate and adaptive immunity and apoptosis by regulating signaling pathways such as the TLR (60,61), cytokine signaling pathways (60) and Stat3 (62) . Recent studies suggest that cells can secrete miRNAs (63) and these can be delivered into recipient cells where they can impact gene expression (64, 65) , thereby opening the possibility that immune-related miRNAs might be traveling to the pancreatic tissue, even if the pathogens are located elsewhere.
Moreover, recent studies show that the presence of H.hepaticus in the gut can have far reaching impact on the host by triggering innate and T helper 1-type adaptive immunity and activating nuclear factor-kappaB networks in the liver (31) . The proposed mechanisms for these observations include uptake of bacterial and/or luminal toxins into portal circulation, increased secretion of proinflammatory cytokines, increased exposure to oxidative stress, altered energy dynamics and disruption of complements and other blood proteins (38) .
The role of ABO genetic susceptibility
Since the genome-wide association studies identification of singlenucleotide polymorphisms in the ABO locus as top hits for pancreatic cancer (66, 67) , its role in carcinogenesis has been examined more closely. Numerous studies demonstrate that individuals with the A or B blood type have higher risk of pancreatic cancer compared with those with blood type O (68) (69) (70) (71) . It is likely that the modified risk associated with the ABO genetic susceptibility is related to immunity; however, the exact role of the antigens in tumorigenesis is unclear. Several studies suggest that carriers of A or B alleles are at higher risk of hepatitis B virus infection (71) or H.pylori infection (26) . In a recent genome-wide association studies examining genetic predisposition for soluble intracellular adhesion molecule 1 levels, an inflammatory adhesion receptor that facilitates leukocyte adhesion and migration across the endothelium, the ABO locus (9q34.2) was strongly associated with soluble intracellular adhesion molecule 1 concentrations, suggesting the histoblood group antigens play a regulatory role in the inflammation process (72) . The established role of ABO histoblood groups in both the immune response and pancreatic cancer risk supports the notion that infections are likely to play a role in pancreatic cancer development; the challenge remains to understand their interaction and the mechanisms through which they may lead to carcinogenesis.
Summary
Given the mounting epidemiologic evidence suggesting that bacterial are associated with pancreatic cancer and that new mechanistic pathways between bacteria and onset of disease are being quickly unraveled, the role of bacterial infection on pancreatic carcinogenesis requires closer attention. The role of the immune response is critical, and known risk factors of pancreatic cancer, smoking, obesity and diabetes, have the ability to suppress innate and humoral immune response and open the door to opportunistic infections. In addition, bacteria may affect host immune defense and cause inflammatory responses, which may promote carcinogenesis. More research in this area will likely lead to a better understanding of this highly fatal cancer and may bring insight into mechanisms that may result in new opportunities for early detection and/or treatment development.
